Molecularly imprinted nanofiber membranes were fabricated from chitin and print molecule of phenylalanine derivative by simultaneously applying an alternative molecular imprinting and an electrospinning. The D-enantiomer imprinted nanofiber membrane preferentially incorporated the D-enantiomer and selectively transported D-enantiomer and vice versa. The permselectivity was exponentially increased with the increase in the membrane thickness, implying that multi-stage cascade membrane separation was carried out within the nanofiber membrane. The present study led to the conclusion that a molecularly imprinted nanofiber membrane is one of suitable membrane forms for the separation membrane with relatively high flux and permselectivity.
INTRODUCTION
Nanofiber membranes, consisting of fibers with diameters less than 1000 nm, give higher porosity [1] and higher surface area [2] comparing with the corresponding usual two dimensional membrane sheets. In membrane separation, the former contributes to high diffusivity of permeant within the membrane and the latter to enhancement of partition (incorporation) of substrate into a given nanofiber membrane [3] .
Throughput (flux) and permselectivity are two key factors in membrane separation. In a sense, the former is more important than the latter. However, those two factors often show a trade-off relationship; in other words, the enhancement of flux leads to a concurrent reduction in permselectivity and vice versa. It is indispensable to enhance both factors so that molecularly imprinted membranes can be applied in various industries. Membranologists, such as membrane scientists and membrane engineers, have perceived that this trade-off relationship in membrane separation had been an unsolved problem or an unsolvable one. It is a hard task to simultaneously enhance both membrane performances, such as flux and permselectivity. From this, nanofiber membranes have emerged in membrane separation field to break through the problems mentioned above.
One of the most plausible methods to enhance membrane performance is introduction of specific *Address correspondence to this author at the Department of Biomolecular Engineering, Kyoto Institute of Technology, Matsugasaki, Kyoto 606-8585, Japan; Tel: 81-75-724-7816; E-mail: masahiro@kit.ac.jp binding site toward substrate to be preferentially separated into membrane. Molecular imprinting is a facile way to introduce such a recognition site into any materials, such as membrane, adsorbent and so on. As for molecular imprinting, there are a couple of methods, such as a conventional pioneering molecular imprinting [4] [5] [6] [7] [8] [9] [10] [11] [12] and an alternative molecular imprinting [13] [14] [15] . In the present study, such molecular recognition sites were introduced into nanofiber membranes. To this end, molecularly imprinted nanofiber membrane was adopted as a form of separation membrane in the present study.
There are a couple of methods to obtain molecularly imprinted nanofiber membranes; one is encapsulation of molecularly imprinted nanoparticles into nanofibers [16, 17] and the other applying an alternative molecular imprinting [18] [19] [20] ; in other words, simultaneous application of an alternative molecular imprinting and an electrospinning. Herein the latter method was applied to obtain molecularly imprinted nanofiber membranes as previously reported [21] [22] [23] [24] .
In the previous study on chiral separation with polysulfone nanofiber membrane with alanyl residues as chiral selectors, nanofiber membranes showed chiral separation ability while the corresponding dense membrane hardly showed such ability [25] . The observed permselectivities for nanofiber membranes were not so high but flux values for nanofiber membranes were two to three orders of magnitude higher than those for the corresponding usual dense membranes. From the morphology of nanofiber membrane, it was inferred that multi-stage cascade separation was occurred during membrane transport through a nanofiber membrane as schematically shown in Figure 1 .
In the present study, molecularly imprinted nanofiber membranes were fabricated from chitin and print molecule, N-α-acetyl-D-phenylalanine or N-α-acetyl-L-phenylalanine, and membrane performance was studied based on the above speculation. 
EXPERIMENTAL

Materials
Chitin powder from crab shell was purchased from Nacalai Tesque, Inc. Kyoto, Japan.
and sodium azide were obtained from commercial sources and used as received. Water purified with ultrapure water system (Simpli Lab, Millipore S.A., Molsheim, France) was used.
Fabrication of Molecularly Imprinted Nanofiber Membranes
Molecularly imprinted nanofiber membranes were fabricated by simultaneously applying an alternative molecular imprinting and an electrospinning, of which electrospraying conditions were reported previously [23] . HFIP was adopted as a solvent and the polymer concentration was fixed at 0.40 wt.% in the present study. The molecular imprinting ratios, which are ratios of the mole number of print molecule to that of constitutional repeating unit of chitin, were 0.5, 1.0 and 2.0, respectively. Esprayer ES-2000 (Fuence Co. Ltd., Wako, Japan) was adopted as the electrospinning device. Polymer solution containing either one of print molecules was electrosprayed at ambient temperature using an applied voltage of 30.0 kV. The syringe used in the present study had a capillary tip of 0.52 mm diameter. The feeding rate was fixed to be 2.5 mm 3 min -1 . A grounded aluminum foil used as a counter electrode was placed 10 cm from the tip of the capillary. The print molecule was removed from the resultant nanofiber membranes by methanol until the print molecule could be hardly detected in methanol by UV analysis.
The morphology, diameter and thickness (δ) of the electrosprayed molecularly imprinted nanofiber membranes were determined with S-3000 scanning electron microscope (SEM) (Hitachi High-Technologies Co., Tokyo, Japan). A small section of the membrane sample was placed on the SEM sample holder and sputtered with gold prior to the analysis. The fiber diameter of nanofiber membrane was determined using Image J software program by measuring 50 fibers from each SEM image.
The conditions for the fabrication of molecularly imprinted nanofiber membranes are summarized in Table 1 together with membrane thickness and diameter.
Adsorption Phenomena
The membrane samples were immersed in a 10.0 cm 3 The adsorption selectivity S A(i/j) is defined as
where (i-Phe) and (j-Phe) are the amount of Phe adsorbed in the membrane, and [i-Phe] and [j-Phe] denote the concentrations in the solution after equilibrium had been reached, respectively.
Membrane Transport
A membrane with area of 3. ), is defined as:
where
) is the concentration of Phe enantiomer in the right-hand side chamber (permeate side), t (h) is time, V R (cm 
RESULTS AND DISCUSSION
Molecularly Imprinted Chitin Nanofiber Membranes
The scanning electron microscope (SEM) photographs of the electrospun molecularly imprinted chitin nanofiber membranes are shown in Figure 2 . In all nanofiber membranes, beads are hardly observed. The diameter and thickness of each nanofiber membrane is summarized in Table 1 together with membrane fabrication conditions. In the present study, strict optimization of conditions for electrospinning was not conducted though the morphology and diameter of nanofiber membranes would be widely controlled by adjusting the electrospinning conditions [26] [27] [28] .
Adsorption Selectivity
Adsorption selectivities of the present molecularly imprinted nanofiber membranes are summarized in Table 2 . In the present study, the amount of Phe adsorbed in the nanofiber membranes was anticipated to be low so that adsorption selectivity was studied at lower concentration of 5.0 x 10 -4 mol dm -3 than that for the membrane transport of 1.0 x 10 -3 mol dm -3 . As for the adsorption selectivity of the control chitin nanofiber membrane, it was determined from the adsorption isotherm of Phe in the chitin nanofiber membrane [23] . Both D-and L-enantiomers of Phe were incorporated into the control chitin nanofiber membrane without any specific interaction; in other words, those adsorption isotherms gave straight lines passing through the origin. From this, the control membrane showed constant adsorption selectivity of 1.31. The ratio of the amount of Phe adsorbed in the membrane to that of constitutional repeating unit of chitin was elucidated from the adsorption isotherm [23] .
In the case of alterative molecular imprinting of oligopeptide derivatives, the nature of the molecular recognition sites were dependent on the combination of the absolute configuration of the print molecule and that of constituting amino acid residues; in other words, the print molecule, of which absolute configuration was identical with that of amino acid residue, worked well as a print molecule, and the antipode worked as a porogen [29] . In the case of cellulose triacetate, the Lenantiomer worked well as a print molecule but the Denantiomer did not work well, which was due to the fact that cellulose triacetate consists of β(1→4) linked Dglucose [24] . Contrary to the previous study [24] , both enantiomers, such as D-and L-enantiomer of Ac-Phe-OH, worked well as print molecules toward chitin, though chitin consists of N-acetylglucosamine units, which are connected β-1,4 linkage. Nanofiber membranes imprinted by Ac-D-Phe-OH showed Denantiomer adsorption selectivity and vice versa like molecularly imprinted membranes from cellulose acetate [22, 30] , oligopeptide tweezers [31] and chiral polyurea [32] [33] [34] [35] . In the case of molecularly imprinted membranes from synthetic polymers with no chiral center, both enantiomers worked well as print molecules [36, 37] , as expected.
In both D-and L-enantiomer molecularly imprinted nanofiber membranes, the membrane fabricated by the imprinting ratio of 1.0 gave higher adsorption selectivities among present membranes. This is due to as follows: the nanofiber membrane with imprinting ratio of 1.0 gave narrower fiber diameter among them. This led to that the surface area of the membrane with imprinting ratio of 1.0 showed the highest one, which meant the amount of molecular recognition site was increased. Increase in the amount of print molecule during the membrane fabrication process, in other words, increase in molecular imprinting ratio led to decrease in affinity of molecular recognition site toward the target molecule [38] . From this, the membrane prepared by the imprinting ratio of 2.0 showed lower adsorption selectivity than that by the imprinting ratio of 1.0.
From the fact that molecularly imprinted nanofiber membranes showed adsorption selectivity, it was thought that molecular recognition sites toward the print molecule and print molecule analogues were constructed in the molecularly imprinted nanofiber membranes. This was confirmed by the adsorption isotherms of the membranes fabricated by the imprinting ratio of 0.5.
The adsorption isotherms are shown in Figure 3 . Enantiomer, of which absolute configuration is opposite to that of print molecule adopted for the fabrication of molecularly imprinted nanofiber membrane, gave a straight line passing through the origin, implying that such enantiomer was adsorbed in the membrane nonspecifically without any specific interaction. The adsorption isotherm of L-Phe for the Ac-D-Phe-OH imprinted nanofiber membrane and that of D-Phe for the Ac-L-Phe-OH imprinted one can be represented by the following equation: Two parameters in eqs. (5) and (6), which were determined to fit each adsorption isotherm best, are summarized in Table 3 together with the concentration of molecular recognition site in the membrane. The parameters for the Ac-D-Phe-OH imprinted nanofiber membrane were those with the thickness of 7.0 x 10 -3 cm and those for the Ac-L-Phe-OH imprinted membrane were those with the thickness of 4.5 x 10 -3 cm, respectively. In the coming section, calculations will be done adopting concentrations of molecular recognition site given in the table. As observed in the previous study on molecularly imprinted nanofiber membranes from cellulose acetate [22] and cellulose triacetate [24] , the concentration of molecular recognition site in the molecularly imprinted chitin nanofiber membrane was determined to be very low.
As discussed in the previous study [22] , most print molecule was solely sprayed toward the counter electrode of grounded aluminum foil accompanying with no chitin molecule during electrospinning process. As a result, small amount of the print molecule was electrosprayed together with chitin molecule toward collector. From this, actual molecular imprinting ratio, which was defined as the ratio of the mole number of print molecule to that of constitutional repeating unit of chitin was lower than that for the feed polymer solution.
Enantioselective Transport of Racemic Mixture of Phe
From the study on adsorption selectivity, those two types of molecularly imprinted nanofiber membrane were expected to show optical resolution ability. To this end, enantioselective transport of racemic mixture of Phe with those membranes was studied.
The membrane performances for the present membranes are summarized in Table 4 . Each molecularly imprinted nanofiber membrane showed permselectivity, reflecting its adsorption selectivity, while the permselectivity of the control non-imprinted nanofiber membrane was opposite to its adsorption selectivity.
Adsorption study and membrane transport study revealed that molecularly imprinted chitin nanofiber membranes were kinds of fixed carrier membrane. As shown in Figure 1 , the permselectivity through the nanofiber membrane would be enhanced with the increase in thickness of nanofiber membrane. In other words, the target molecule interacted with molecularly imprinted nanofibers, and as a result, permselectivity would be enhanced like multi-stage cascade membrane separation [23, [39] [40] [41] . To this end, three types of molecularly imprinted nanofiber membrane with different membrane thickness were fabricated from chitin and Ac-D-Phe-OH or Ac-L-Phe-OH, of which imprinting ratio being 0.5, and their membrane performances were studied.
The membrane performances for those three types of nanofiber membrane with the imprinting ratio of 0.5 are summarized in Table 4 together with those for other membranes. As expected, the permselectivity toward the target molecule increased with the increase in membrane thickness. The relationship between permselectivity and membrane thickness is shown in Figure 4 . In Figure 4 , the logarithm of permselectivity is plotted as a function of membrane thickness. As can be seen, the logarithm of permselectivity is proportional to membrane thickness. The observed relationship will be interpreted as follows: diagram for the schematic representation of molecularly imprinted nanofiber membrane (fixed carrier membrane) is shown in Figure  5 . The number of fixed carriers (molecular recognition sites) aligned from the feed side to the permeate side is assumed to be n. Assuming that molecular recognition sites are aligned with an equal distance of λ, the number of n can be represented by:
The volume occupied by one molecular recognition site in the membrane v can be represented as follows:
where N is the total amount of molecular recognition site in the membrane. A and δ are defined as before, membrane area and membrane thickness, respectively. From eq. (8), the distance between adjacent molecular recognition sites is represented by:
Substituting the above expression in eq. (7) yields the following equation: (10) Assuming that the permselectivity expressed by one molecular recognition site is α i/j,Site , the permselectivity expressed by the transport through the membrane is represented by eq. (11):
where α i/j,1cm denotes permselectivity expressed by the membrane with thickness of 1 cm.
Eq. (11) yields eq. (12).
log(α i/j,δ ) = (log(α i/j,Site )) x n = (log(α i/j,1cm )) x δ
Eq. (12) means that the permselectivity will be increased with the increase in membrane thickness; in other words, the increase in number of interaction between the target molecule and molecular recognition site leads to enhancement of permselectivity. The validity of eq. (12) was confirmed by the relationships shown in Figure 4 .
The slope for each plot was determined to be 3.7 for the D-enantiomer imprinted nanofiber membrane (Figure 4a ) and 2.7 for the L-enantiomer one (Figure  4b) . From the slopes, the imaginary permselectivity for each membrane with thickness of 1 cm was determined to be 5.0 x 10 3 and 5.0 x 10 2 , respectively. However, as shown in Figure 6 , the flux value was deceased linearly with the decrease in reciprocal of membrane thickness; in other words, the flux was decreased with the increase in membrane thickness. From this, such high imaginary permselectivity of over 500 would not be obtained in the reality. The distance λ can be determined from the concentration of molecular recognition site, which was determined from adsorption isotherm. From those values, λ for each membrane was determined to be 5.6 x 10 -6 cm for the D-enantiomer imprinted nanofiber membrane and 5.3 x 10 -6 cm for the L-enantiomer imprinted one, respectively. From those distances, the permselectivity expressed by one molecular recognition site for the D-enantiomer imprinted nanofiber membrane was determined to be 1.00005 and that for the L-enantiomer imprinted one to be 1.00003, respectively. Though the permselectivity expressed by one molecular recognition site was very low, the target molecule interacted so many times with the specific binding (molecular recognition) site while the target molecule migrated from the feed side to the permeate side. As a result, permselectivity was exponentially enhanced from permselectivity, which was limitlessly close to unity, to significantly over unity.
The present study revealed that the most suitable membrane separation is a multistage-cascade membrane separation with nanofiber or molecularly imprinted nanofiber membranes.
CONCLUSIONS
Molecularly imprinted nanofiber membranes were fabricated from chitin and print molecule of phenylalanine derivative by simultaneously applying molecular imprinting and electrospinning. respectively. The D-enantiomer imprinted nanofiber membrane selectively transported D-enantiomer and vice versa. The permselectivity was increased exponentially with the increase in the membrane thickness, implying that multi-stage cascade separation was carried out within the nanofiber membrane. The present study led to the conclusion that a molecularly imprinted nanofiber membrane is one of suitable membrane form for the separation membrane with relatively high flux and permselectivity.
APPENDIX
It is interesting and indispensable to study the permselectivity for usual dense membrane bearing a fixed carrier (a molecular recognition site). Here, the usual dense membrane is defined as the ideal dense membrane having no defect; in other words, the membrane morphology within the membrane is uniformly homogeneous from the feed side to the permeate side without defect.
As depicted in Figure 7 , the number of fixed carriers (molecular recognition sites) aligned from the feed side to the permeate side is assumed to be n. For convenience' sake, the fixed carriers were aligned at equal distance. From this, the membrane is divided into n layers at equal distance as can be seen in Figure 7 .
The equation for flux at steady state through the membrane will be described so that the permselectivity can be derived. The steady state flux for the given target molecule, which is transported by both facilitated transport and simple diffusion, through the first layer can be represented by eq. (13) . J L,1 denotes the flux through the 1st layer at the steady state. Therefore, the flux through individual layer J L,i is identical to J L , which is a flux through the the given membrane from the feed side to the permeate side. The flux through the ith layer can be represented by eq. (14) , and that through the last layer (nth layer) by eq. (15) . Eq. (16) is obtained by summing up whole equations representing the flux for each layer, such as eqs. (13), (14) , (15) The permselectivity for membrane transport of racemic mixture of D-and L-enantiomers is represented by eq. (18) . Contrary to permselectivity observed by molecularly imprinted nanofiber membrane, the permselectivity expressed by the ideal dense membrane with fixed carrier will be independent of number of interactions (n) between molecular recognition site and the target molecule.
The above result is applicable to an ideal dense membrane. In a real case, there might be found defects within the dense membrane, which might lead to a certain degree of enhancement of permselectivity with the increase in n.
